Primary Sjögren's syndrome (pSjS) is a chronic systemic autoimmune disorder, primarily affecting exocrine glands; its pathogenesis is still unclear. Long non-coding RNAs (lncRNAs) are thought to play a role in the pathogenesis of autoimmune diseases and a comprehensive analysis of lncRNAs expression in pSjS is still lacking. To this aim, the expression of more than 540,000 human transcripts, including those ascribed to more than 50,000 lncRNAs is profiled at the same time, in a cohort of 16 peripheral blood mononuclear cells PBMCs samples (eight pSjS and eight healthy subjects). A complex network analysis is carried out on the global set of molecular interactions among modulated genes and lncRNAs, leading to the identification of reliable lncRNA-miRNA-gene functional interactions. Taking this approach, a few lncRNAs are identified as targeting highly connected genes in the pSjS transcriptome, since they have a major impact on gene modulation in the disease. Such genes are involved in biological processes and molecular pathways crucial in the pathogenesis of pSjS, including immune response, B cell development and function, inflammation, apoptosis, type I and gamma interferon, epithelial cell adhesion and polarization. The identification of deregulated lncRNAs that modulate genes involved in the typical features of the disease provides insight in disease pathogenesis and opens avenues for the design of novel therapeutic strategies.
Our attention is focused on the epigenetic mechanisms that may be involved in pSjS pathogenesis, through the analysis of the modulation of long non-coding RNAs (lncRNAs) expression in pSjS patients.
The identification of lncRNAs modulated in the disease and an integrated analysis of lncRNAs, miRNAs and gene expression profiles in patients affected by pSjS are reported here as an historical first, to the best of the authors' knowledge. Interestingly, the identified lncRNAs are able to modulate pathogenetically relevant molecular pathways of the disease.
Materials and Methods

Patients
Eight female patients (mean age 52 ± 15 years old) affected by pSjS, attending the Unit of Autoimmune Diseases at the University Hospital of Verona, Northern Italy, and 8 sex and age matched healthy controls were enrolled. Both patients and controls were subjects of Caucasian origin from Northern Italy. All patients enrolled in this study were diagnosed according to the American College of Rheumatology (ACR)-European League against Rheumatism (EULAR) criteria [5] . They underwent labial salivary gland biopsy and disease activity was evaluated at the moment of enrollment in the study.
A written informed consent was obtained from all the participants of the study and the study protocol was approved by the Ethical Committee of the Azienda Ospedaliera Universitaria Integrata di Verona (identification code 1538, version 3, date of approval 12 March 2012). All the investigations have been performed according to the principles contained in the Helsinki declaration.
Microarray Analysis
Blood sample collection was carried out using BD Vacutainer K2EDTA tubes (Becton Dickinson, Franklin Lakes, NJ, USA) and 21-gauge needles.
PBMCs isolation was performed by Ficoll-HyPaque (Pharmacia Biotech, Piscataway, NJ, USA) gradient centrifugation. Patients and controls had similar PBMCs distribution. Total RNA was extracted from PBMCs (10 7 cells) using an miRNeasy mini kit (Qiagen GmbH, Hilden, Germany). cRNA preparation, samples hybridization and scanning were performed following the Affymetrix (Affymetrix, Santa Clara, CA, USA) provided protocols using a Cogentech Affymetrix microarray unit (Campus IFOM IEO, Milan, Italy). All samples were hybridized on a Human Clariom D (Thermo Fisher Scientific, Waltham, MA, USA) gene chip. Signal intensities were analysed with the Transcriptome Analysis Console (TAC) 4.0 software (Applied Biosystem, Foster City, CA, USA by Thermo Fisher Scientific, Waltham, MA, USA).
Using the Human Clariom D arrays, more than 540,000 human transcripts were interrogated, starting from as little as 100 pg of total RNA. Signal intensity was background-adjusted, normalized, and log-transformed using the Signal Space Transformation (SST)-Robust Multi-Array Average algorithm (RMA).
Differentially expressed genes that showed an expression level at least 1.5 fold different in the test sample versus control sample at a significant level (p ≤ 0.01) were chosen for final consideration. p-values were calculated applying the unpaired t-test and Bonferroni multiple testing correction.
Target annotations of long non-coding RNAs were retrieved using starBase v2.0 (http://starbase. sysu.edu.cn/) where lncRNAs interactions, experimentally validated by high-throughput experimental technologies, are registered [6] .
The list of gene targets of microRNAs (miRNAs) that were targeted by lncRNAs were inferred interrogating the FunRich database (www.funrich.org/) [7] .
Protein-Protein Interaction (PPI) Network Construction and Network Clustering
The PPI network was constructed upon the experimentally validated protein-protein interactions using STRING (Search Tool for the Retrieval of Interacting Genes) version 10.5 (http://string-db.org/) [8] .
Network topological analysis was performed using the Cytoscape software (version 3.7, (www. cytoscape.org) [9] .
High-flow areas (highly connected regions) of the network (modules) were detected using the MCODE plugin of Cytoscape (k-core = 4 and node score cutoff = 0.2).
Gene Functional Classification and Enrichment Analysis
Genes were classified functionally into Biological Processes (BPs) according to the Gene Ontology (GO) project annotations (www.geneontology.org) by the Panther expression analysis tools (http://pantherdb.org/) [10] .
Pathway classification and enrichment (hypergeometric p-value ≤ 0.05) analysis were achieved with FunRich.
Real Time PCR of lncRNAs
Five hundred ng of total RNA was treated with 1 unit of DNase I Amplification Grade (Invitrogen; Carlsbad, CA, USA). First-strand cDNA was generated using the SuperScript IV First-Strand Synthesis System (Invitrogen; Carlsbad, CA, USA) with random hexamers, according to the manufacturer's protocol. Real time PCR was performed in triplicate with PowerUp™ Sybr ® Green reagent (Applied Biosystems; Foster City, CA, USA) in a QuantStudio 6 Flex system (Applied Biosystems; Foster City, CA, USA). Transcripts of relative expression levels were obtained after normalization against the geometric mean of the housekeeping genes Glyceraldehyde 3-phosphate dehydrogenase GAPDH and beta-actin (ACTB) expression. The ∆∆Ct method of relative quanrtification was used for comparing relative fold expression differences. Results are expressed as fold changes with respect to healthy subjects.
Real Time PCR of Genes Modulated in pSjS Patients
First-strand cDNA was obtained using the SuperScript III First-Strand Synthesis System for RT-PCR Kit (Invitrogen), with random hexamers, following the manufacturer's protocol. PCR was performed in a total volume of 25 µL containing 1× Taqman Universal PCR Master mix, no AmpErase UNG and 2.5 µL of cDNA; pre-designed, gene-specific primers and probe sets for each gene were obtained from Assay-on-Demande Gene Expression Products service (Applied Biosystems).
Real-Time PCR reactions were carried out in a two-tube system and in singleplex. The Real-Timeamplifications encompassed 10 min at 95 • C (AmpliTaq Gold activation), followed by 40 cycles at 95 • C for 15 s and at 60 • C for one minute. Thermocycling and signal detection were performed with a 7500 Sequence Detector (Applied Biosystems). Signals were detected following the manufacturer's instructions. This methodology allowed the identification of the cycling point where the PCR product was detectable by means of fluorescence emission (Threshold cycle or Ct value). The Ct value correlated to the quantity of target mRNA. Relative expression levels were calculated for each sample after normalization against the housekeeping genes GAPDH, beta-actin and 18 s ribosomal RNA (rRNA) using the ∆∆Ct method for comparing relative fold expression differences. Ct values for each reaction were determined using TaqMan SDS analysis software. Each amount of RNA tested had triplicate Ct values averaged. Since Ct values varied linearly with the logarithm of the amount of RNA, this average represented a geometric mean.
Real Time PCR of microRNAs
miRNAs expression was evaluated by TaqMan ® Advanced miRNA assays chemistry (Applied Biosystems, Foster City, CA, USA). Briefly, 10 ng of total RNA was reverse transcribed and pre-amplified with a TaqMan ® Advanced miRNA cDNA synthesis kit according to the manufacturer's instructions (Applied Biosystems, Foster City, CA, USA). Pre-amplified cDNA was diluted 1/10 in nuclease-free water and 5 µL of diluted cDNA for each replicate was loaded in PCR. Twenty µL PCR reactions were composed by 2× Fast Advanced Master Mix and TaqMan ® Advanced miRNA assays for miR-30e-5p, miR-32-5p, miR-155-5p, miR-195-5p, miR-378a-3p and miR-30b-5p. The mean of Ct for hsa-miR- 16-5p and hsa-miR-26a-5p expression was used to normalize miRNA expression. Real time PCR was carried out in triplicate on a QuantStudio 6 Flex instrument (Applied Biosystems, Foster City, CA, USA). Expression values were reported as fold change with respect to healthy controls by ∆∆Ct method employing QuantStudio Real-Time PCR system software v. 1.3.
Results
Patients Characteristics
All the patients enrolled in the study had antinuclear antibodies >1:640, nuclear dots or homogeneous patterns, and were positive for anti-ENA antibodies SSA/Ro; four of them also were positive for anti-SSB antibodies. Labial salivary gland histopathology showed a focal lymphocytic sialadenitis with a focus score >1 [11] . The median Eular Sjogren's syndrome disease activity index (ESSDAI) score was 6. The median Eular Sjogren's syndrome Patient Reported Index (ESSPRI) score was 7 [12] . Three patients presented germinal centre-like structures in their labial salivary gland biopsy and one patient developed a B cell lymphoma soon after enrollment in the study.
High-Throughput Gene and Long Non-Coding RNA Expression Profiling in Peripheral Blood Mononuclear Cells of Patients with pSjS
Intending to identify lncRNAs potentially involved in pSjS pathogenesis, the expression of more than 540,000 human transcripts, including those ascribed to more than 50,000 lncRNAs, was profiled at the same time, in a cohort of 16 PBMCs samples (8 pSjS and 8 healthy subjects). Transcriptional profiles of pSjS patients and healthy subjects were compared and, after a robust filtering procedure (Bonferroni-corrected p-value ≤ 0.01 and fold change ≥ |1.5|), 2503 coding-genes were modulated significantly (Table S1 ).
The functional classification by Gene Ontology (http://www.geneontology.org/) of the 2503 differentially expressed genes (DEGs) revealed that they were involved in meaningful biological processes (BPs) known to play a role in the disease, including apoptosis, cell adhesion, immune response, type I Interferon signaling, Interferon-gamma signaling, extracellular matrix (ECM) organization and morphogenesis of a branching epithelium. A selection of genes that play a role in the above mentioned BPs is shown in Table 1 . Table 1 . Selection of significant differentially expressed genes in pSjS patients versus healthy subjects, grouped according to the biological processes to which they are ascribed. LncRNA profiling showed a statistically significant variation (Bonferroni-corrected p-value ≤ 0.01 and fold change ≥ |1.5|) for 199 long non-coding RNAs (Table S2) .
Gene Symbol
Since modulated genes are well representative of BPs and pathways strictly connected to the disease, we decided to verify whether the modulated lncRNAs could be connected functionally to the pSjS transcriptome, thus playing a role in pSjS pathophysiology.
The identified 199 lncRNAs were then analysed, retaining only those transcripts for which experimentally validated microRNA (miRNA) targets had already been annotated in starBase and, among these, only lncRNAs that targeted at least 10 miRNAs were selected.
Using this approach, we obtained 6 lncRNAs, including CTD-2020K17.1, LINC00657, RP11-169K16.9, LINC00511, RP11-372K14.2 and RP11-214O1.2. (Table 2) .
To strengthen the significance of our analysis we wanted to verify the ability of the selected lncRNAs to regulate genes that are differentially expressed in pSjS samples through the interaction with their miRNA targets. We therefore evaluated the entire lists of their miRNA targets that were validated experimentally by high-throughput technologies and selected only those miRNAs that targeted genes modulated in pSjS patients to bona fide outline authentic interactions that are well established in pSjS.
Shown in Table 2 , LINC00657, LINC00511 and CTD-2020K17.1 targeted the highest number of modulated genes (Table S3 ). The expression data were confirmed by RT-PCR ( Figure S1 ). 
PPI Network and Modular Analysis of Genes and lncRNAs Modulated in pSjS
Since the modulation of highly connected genes can have a more pronounced effect in the disease pathogenesis than the modulation of genes that are not functionally connected, we evaluated whether the 6 selected lncRNAs could target highly interacting genes in pSjS.
Considering this, to prioritize transcripts that may have a role in the pSjS pathogenesis, we performed a network analysis dissecting all the differentially expressed genes in pSjS that were connected functionally. We therefore constructed a protein-protein interaction (PPI) network that included all the experimentally validated functional interactions among the protein products of the 2503 modulated genes in pSjS ( Figure 1A ). The obtained network included 2500 modulated genes (nodes) that were connected by 14,169 pairs of interactions (edges) and showed a good PPI enrichment p-value (<10 −16 ).
Moreover, since genes that are strictly connected to the disease phenotype display a strong tendency to cluster together in few network regions [13] , we performed a modular analysis to find areas in which the most highly connected genes were clustered. Using this approach, we could identify 7 gene modules that are most likely to be involved in the disease pathogenesis ( Figure 1B and Table S4 ).
All 7 modules were imported in Cytoscape adding to their scaffolds miRNAs-genes, and lncRNAs-miRNAs interactions.
The topological analysis of such implemented modules highlighted, for the 6 lncRNAs, the lncRNA-gene interactions mediated by their targeted miRNAs. We observed that LINC00657, LINC00511 and CTD-2020K17.1 targeted highly connected genes and the highest number of module-associated genes that were distributed in all the 7 modules ( Table 2 and Table S5 ).
We therefore narrowed our analysis to CTD-2020K17.1, LINC00511, and LINC00657 lncRNAs, since they most probably had a major impact on pSjS transcriptome (as also suggested by the network analysis), (Figure 2) .
Noteworthy, targeted genes included several important transcripts involved in T cell development (GATA3), in the response to type I interferon (IRF5, IRF9 and KLHL20), in inflammatory response (IL6R and CEBPD) and in B-cell physiology and malignancy (BAK1, BAX, CBX8, ENO1, GNAI2, HNRNPL, LTBR, TRAF3 and WDR5).
When we analysed the list of miRNAs regulated by the 3 lncRNAs (Table S6 ), we found that 6 miRNAs played a role in B cell development, for example mir-17-5p, mir-20b-5p, mir-34a-5p, mir-34c-5p, mir-155-5p and mir-93-5p [14, 15] , and that 51 miRNAs have been previously associated with several types of human B cell lymphomas. Noteworthy, 15 of the above mentioned miRNAs were already associated to pSjS (see Table 3 ). 
Functional Analysis of Modulated Genes Targeted in the Whole Transcriptome
Once we identified the three lncRNAs that most likely exert a major impact on the whole transcriptome, we wanted to verify if these transcripts could regulate genes that may play a crucial role in the disease.
The three lncRNAs targeted genes involved in several meaningful biological processes. Indeed, LINC00657 regulated a large number of genes involved in cell adhesion including HN1 (F.C. 
The three lncRNAs targeted genes involved in several meaningful biological processes. Indeed, LINC00657 regulated a large number of genes involved in cell adhesion including HN1 (F.C. +2. Since it is widely acknowledged that disease phenotypes reflect complex molecular interactions and that human disorders should be considered in terms of perturbations of molecular interaction networks [13] , we next performed a pathway enrichment analysis of genes targeted by the three selected lncRNAs.
Signaling pathways involved in apoptosis were enriched in genes targeted by the three lncRNAs which included "Intrinsic Pathway for Apoptosis" (LINC00511, and LINC00657) and "Class I PI3K signaling events mediated by Akt" (CTD-2020K17.1, LINC00511, and LINC00657) ( Figure 3 and Table S7 ). 
Functional Analysis of Highly Connected Genes that are Included in Modules
Since genes that show the highest number of interactions in the transcriptome most likely are involved in the disease pathogenesis, we next performed a functional analysis of the seven identified gene modules. Figure 4 summarizes genes targeted in the 7 modules and their respective targeting miRNAs along the most relevant enriched signaling pathways. Several targeted pathways that play a role in cell-to-cell interactions in epithelial tissue were enriched including: "CDC42 signaling events" (LINC00511 and LINC00657); "E-cadherin signaling events" (LINC00511 and LINC00657); "E-cadherin signaling in the nascent adherens junction" (LINC00511 and LINC00657); "Integrin family cell surface interactions" (LINC00511 and LINC00657); and "Nectin adhesion pathway" (CTD-2020K17.1, LINC00511 and LINC00657).
Signaling pathways involved in cell proliferation also were enriched i.e., "Signaling events mediated by focal adhesion kinase" (CTD-2020K17.1, LINC00511 and LINC00657) and "C-MYB transcription factor network" (LINC00657).
Moreover, pathways implicated in branching morphogenesis were targeted including "Canonical Wnt signaling pathway" (LINC00511) and "Proteoglycan syndecan-mediated signaling events" (CTD-2020K17.1, LINC00511 and LINC00657). Interestingly, three pathways regulating salivary gland morphogenesis were targeted by the selected lncRNAs and these encompassed "EGF receptor signaling pathway" (CTD-2020K17.1, LINC00511 and LINC00657), "Signaling events mediated by Hepatocyte Growth Factor Receptor (c-Met)" (CTD-2020K17.1, LINC00511 and LINC00657) and "BMP receptor signaling" (CTD-2020K17.1). "TGF-beta receptor signaling", a pathway that influences salivary gland physiology, and its downstream pathway "SMAD signaling" were targeted by LINC00511 and LINC00657.
Several pathways ascribed to the immune response were enriched in modulated targeted genes including "IFN-gamma pathway" (CTD-2020K17.1, LINC00511 and LINC00657), "CD4+ TCR pathway" (CTD-2020K17.1, LINC00511 and LINC00657) and "Role of Calcineurin-dependent NFAT signaling in lymphocytes" (LINC00511). Particularly, several pathways involved in B cell development and activation were enriched including the previously mentioned "Class I PI3K signaling events mediated by Akt" (CTD-2020K17.1, LINC00511, and LINC00657), "CXCR4-mediated signaling events" (LINC00511 and LINC00657), and the mTor signaling (CTD-2020K17.1, LINC00511 and LINC00657).
The three lncRNAs targeted several proinflammatory pathways such as "Interleukin-3" (CTD-2020K17.1, LINC00511 and LINC00657), "Intreleukin-5" (CTD-2020K17.1, LINC00511 and LINC00657) and "Interleukin-8" (LINC00657) signaling, "p38 MAPK signaling pathway" (CTD-2020K17.1), "GMCSF-mediated signaling events" (CTD-2020K17.1, LINC00511 and LINC00657), "Sphingosine 1-phosphate (S1P) pathway" (CTD-2020K17.1, LINC00511 and LINC00657) "TNF alpha/NF-kB" (LINC00657) and the above cited "IFN-gamma pathway" (Figure 3 ).
Since genes that show the highest number of interactions in the transcriptome most likely are involved in the disease pathogenesis, we next performed a functional analysis of the seven identified gene modules. Figure 4 summarizes genes targeted in the 7 modules and their respective targeting miRNAs along the most relevant enriched signaling pathways. M1 included 66 genes and was globally targeted by 29 miRNAs. The top enriched (p ≤ 0.05) pathways in Module M1 were those involved in mRNA processing, including mRNA splicing (Table S8 ).
M2, included 123 genes and was targeted by 49 miRNAs. Aside from pathways related to cell division (i.e., "DNA Replication", "Cell Cycle, Mitotic" and "Mitotic M-M/G1 phases") and energy metabolism (i.e., "Respiratory electron transport") other meaningful pathways were enriched in this module, including signaling of Interferon alpha/beta and gamma, "Antigen processing-Cross presentation", "Regulation of Apoptosis", "Signaling by Wnt" and "TNF alpha/NF-kB" signaling.
M3 included 108 genes and was targeted by 45 miRNAs. "Interferon gamma", "Interferon alpha/beta", "Antigen Presentation: Folding, assembly and peptide loading of class I MHC", "mTOR signaling pathway", "Class I PI3K signaling events mediated by Akt", "EGF receptor (ErbB1) signaling pathway" and "GMCSF-mediated signaling events" were among the most relevant enriched pathways in Module M3.
M4 included 101 genes and was the most targeted module, indeed 64 miRNAs were found to be linked to it. This module mostly was enriched in pathways involved in cell metabolism and in other important pathways including "Extrinsic Pathway for Apoptosis", "IL8-mediated signaling events", "TNF receptor signaling pathway", "p38 MAPK signaling pathway" and "CXCR4-mediated signaling events". M5 included 74 genes and was targeted by 49 miRNAs. Pathways related to apoptosis were the most enriched in module M5, aside from the "Antigen Presentation" pathway. Other important pathways highly enriched in this module also included "Class I PI3K signaling events mediated by Akt", "EGF receptor (ErbB1) signaling pathway", mTOR signaling pathway" and "GMCSF-mediated signaling events".
M6 included five genes and was targeted by 10 miRNAs. We did not observe any statistical enrichment in Module M6, which was probably due to the small number of genes that composed this cluster. Finally, M7 included 28 genes and was targeted by 20 miRNAs. "Cytokine Signaling in Immune system", "TCR signaling in naive CD8+ T cells" and "Immune System" were the most enriched signaling pathways in Module M7. Additional notable pathways enriched in this module were "Signaling by Interleukins", "GMCSF-mediated signaling events", "CXCR4-mediated signaling events", "EGF receptor (ErbB1) signaling pathway", "Class I PI3K signaling events mediated by Akt", "Signaling events mediated by Hepatocyte Growth Factor Receptor (c-Met)", "IFN-gamma pathway" and "Interferon alpha/beta signaling".
When we performed a pathway enrichment analysis on the genes targeted within the 7 modules, we found that most of the pathways enriched in the modules also were enriched in the genes targeted in the whole transcriptome. This finding suggests that regulation of highly interactive genes associated with the modules may have a prominent role in the pSjS transcriptome.
Discussion
Sjögren's syndrome is a chronic autoimmune disorder, primarily affecting exocrine glands, and is of unknown origin. The interplay among genetic background, environmental factors, mainly infectious agents, and epigenetics, however, play a pivotal role on the pathogenesis of the disease.
Long non-coding RNAs (lncRNAs) exert a control on gene expression at multiple levels and recently have emerged as crucial components of the epigenetic machinery. Moreover, a growing body of evidence has highlighted the involvement of lncRNAs in different types of autoimmune diseases [47, 48] .
Several disturbed epigenetic mechanisms, including DNA demethylation, microRNAs modulation and aberrant chromatin positioning have been described in pSjS [49] ; however, very little is known of the potential role played by lncRNAs in pSjS. Particularly, a detailed analysis of functional interactions among lncRNA and the pSjS transcriptome has not been attempted yet. During this study we have, therefore, inspected crucial molecular interactions among modulated genes and lncRNAs in pSjS, interactions that may be of relevance in the pathogenesis of the disease.
The expression profiles of a vast number of coding and non-coding genes have been analysed at the same time and, by a multiple step process, modulated lncRNAs that possibly were connected to the pSjS transcriptome were selected.
A sophisticated network analysis was carried out on the entire set of molecular interactions among modulated genes and lncRNAs, thus outlining reliable lncRNA-miRNA-gene functional interactions.
Through a complex network analysis of the whole set of molecular interactions among modulated genes and lncRNAs, we further selected those lncRNAs that targeted modules of the most highly connected genes in the pSjS interactome, since they may have a major impact on pSjS gene modulation. Using this procedure, we chose lncRNAs on the basis of their connectivity (highly versus poorly connected lncRNAs).
Using this approach, we identified three lncRNAs, namely LINC00657, LINC00511 and CTD-2020K17.1, characterized by a high degree of connectivity. Considering this, LINC00657 could exert a prominent role in pSjS gene modulation since it targeted the highest number of highly connected transcripts and, therefore, regulated the vast majority of the disease-related pathways.
Noteworthy, many of the miRNAs targeted by these three lncRNA, which modulate highly connected genes, have been already associated to pSjS.
Several targeted genes with a high degree of connectivity were involved in inflammation, such as the IL-6 receptor (IL6R) and the enhancer of IL-6 production (CEBPD) or in the immune response, such GATA3, that is crucial for T cell development, and the three type I interferon-responsive-genes IRF5, IRF9 and KLHL20.
Genes modulated during type I interferon pathway activation (like IRF5 and STAT4) were associated with risk of pSjS, and a type I interferon signature has been described in pSjS patients. Moreover, this signature strongly correlates with the presence of anti-SSA/Ro antibodies [50] .
Interestingly, the three lncRNAs also targeted highly connected genes involved in B-cell physiology and malignancy, including IL15 (LINC00657), WDR5 (LINC00657), GNAI2 (LINC00657 and CTD-2020K17.1), LTBR (LINC00511), CBX8 (LINC00657), BAK1 (CTD-202K17.1 and LINC00511), BAX (LINC00511), ENO1 (LINC00657), HNRNPL (CTD-2020K17.1), and TRAF3 (LINC00657 and CTD-2020K17.1).
The involvement of B cells in the pSjS pathogenesis has been documented well and an increased number of mature B cells have been found in patients with pSjS [51] ; interestingly, IL15 and WDR5 play a crucial role in both B cell proliferation and differentiation and GNAI2 regulates B cell trafficking into and within lymph nodes [52] . Moreover, germinal centre (GC)-like structures have been described within the pSjS salivary gland epithelium [51] and, not surprising, LINC00511 and LINC00657 respectively targeted the modulated genes LTBR and CBX8 that are involved on GC formation in inflamed tissues [53, 54] . Worth mentioning, three patients presented germinal centre-like structures in their labial salivary gland biopsy.
It has been observed that pSjS patients have an increased risk to develop B cell lymphoproliferative disorders [55] and, noteworthy, BAK1 and BAX are overexpressed in diffuse large B cell lymphoma [56] ; ENO1 promotes tumor proliferation in Non-Hodgkin's Lymphomas and stimulates immunoglobulin production [57] ; hnRNPL induces BCL2 overexpression in many B cell lymphomas [58] whereas TRAF3 is a tumor suppressor gene in B lymphocytes and frequently is inactivated in human B lymphoma and multiple myeloma [59] . Interestingly, we found that TRAF3 resulted in down-modulation in our patients with pSjS.
We also observed that several miRNAs targeted by the three lncRNAs that modulated highly connected genes have a documented role in B cell development and in B cell lymphomagenesis. It is worthwhile mentioning that one of the patients developed a B cell lymphoma soon after enrollment in the study.
It has been long recognised that disorders can be viewed in the context of signaling pathway deregulation. We therefore inspected all the signaling pathways that were enriched in modulated genes targeted by the three selected lncRNAs and we discovered that they regulate well-known signaling networks. Moreover, we observed that the vast majority of these pathways also were enriched in all the seven targeted gene modules, thus indicating that the three lncRNAs targeted pathways closely related to the disease pathogenesis.
The selected lncRNAs targeted pathways involved in the development of lacrimal and salivary glands including those of Syndecan (LINC00657, LINC00511 and CTD-2020K17.1), Wnt (LINC00511), TGF-beta receptor (LINC00657 and LINC00511), BMP receptor (CTD-2020K17.1), SMAD proteins (LINC00657 and LINC00511), EGF receptor (LINC00657, LINC00511 and CTD-2020K17.1) and HGF receptor (LINC00657, LINC00511 and CTD-2020K17.1).
The development of both salivary and lacrimal glands is a finely tuned process defined as "branching morphogenesis" that relies on the differential expression of cellular surface receptors and extracellular matrix components like proteoglycans. Indeed, the interactions between cell receptors and ECM elements boost the activation of downstream intracellular signaling pathways that induce the differentiation of progenitor cells into acinar lobules and ducts [60] .
Among these pathways, the Wnt signaling is involved in distinct space and temporal patterns during salivary gland development [61] and, interestingly, hypermethylation of this pathway has been observed in salivary gland epithelial cells from patients with Sjögren's syndrome [62] .
TGF-beta also can control salivary gland development by modulating cellular growth and differentiation, moreover, it alters salivary gland physiology by regulating angiogenesis and inflammation [63] . Noteworthy, it has been observed that deletion of TGF-beta signaling in mice salivary glands induces a Sjögren's syndrome-like autoimmune disorder [63] .
The Smad and BMP proteins are downstream mediators of the TGF-beta signaling and influence branching morphogenesis of both lacrimal and salivary glands by promoting mesenchymal proliferation [64, 65] . Interestingly, through Smad proteins, TGF-beta also stimulates transcription and subsequent IgA isotype expression in B lymphocytes [66] .
Another signaling pathway involved in salivary gland morphogenesis is that of EGF [67] , a molecule that also is secreted by lacrimal glands and represents one of the most abundant growth factors in human tears [68] . Particularly, this cytokine can boost migration and proliferation of corneal epithelial cells during wound healing [68] .
HGF plays a crucial role in salivary gland development [69] and modulates cell behaviour in acinar and ductal epithelial cells of lacrimal glands [70] .
It is well known that the structural and morphological integrity of cell aggregates is pivotal to maintain epithelial functional homeostasis and one of the crucial events involved in the development of autoimmunity is the loss of the mucosal barrier integrity, as in the case of Sjögren's syndrome, where the protective function of glandular epithelia is compromised [71] .
Interestingly, we observed that the three selected lncRNAs target molecular pathways that regulate cell adhesion, for example those of integrins (LINC00657 and LINC00511), E-cadherins (LINC00657 and LINC00511), Nectins (LINC00657, LINC00511 and CTD-2020K17.1), CDC42 (LINC00657 and LINC00511) and focal adhesion kinases (LINC00657, LINC00511 and CTD-2020K17.1).
Marked alteration of integrin expression has been described in pSjS salivary glands [72] and it has been related to the observed detachment of glandular acinar cells. Moreover, elevated serum levels of the soluble form of the adherens junction-associated proteins, E-cadherins, were detected in pSjS patients and it has been related to tissue regeneration induced by chronic inflammation in pSjS glandular epithelia [71] . Additionally, E-cadherins also play a pivotal role in the adhesive interactions between epithelial cells and intraepithelial lymphocytes [73] .
To form adherens junctions, E-cadherins associate to the nectin proteins that also are involved in the formation of tight junctions [74] . Specifically, nectins induce activation of Cdc42-mediated signaling, regulating cell polarization and, noteworthy, it has been observed that the secretory dysfunction in pSjS patients also is due to the impairment of epithelial cell polarity [75] .
The Cdc42 molecules, in turn, also modulate the activation state of the focal adhesion kinase proteins, another junctional system deregulated in pSjS [71] .
Severe disaggregation of the basal lamina associated to the glandular epithelium has been described in pSjS and this event allows inflammatory cells and cytotoxic T lymphocytes to infiltrate acini and ducts [76] . Proteoglycans are a key component of the basal lamina structure and, interestingly, all three lncRNAs targeted proteoglycans, signaling suggesting that they may also be involved in the basal lamina modification, a key feature in pSjS pathogenesis.
Aside from the above mentioned histopathological changes, apoptosis also is involved in pSjS-associated glandular damage, and both apoptotic cells and expression of the apoptosis-regulating proteins have been detected in salivary glands from pSjS patients in many studies [77] . Particularly, it has been suggested that apoptosis might be the initial trigger for autoimmunity in this disease [76] and, noteworthy, proapoptotic signaling pathways also were targeted by the selected lncRNAs.
Leukocyte infiltration in the damaged pSjS glandular epithelium enhances the inflammatory environment that also is sustained by epithelial cell production of adhesion molecules and chemokines [78] . Several proinflammatory pathways were targeted by the selected lncRNAs, including signaling by TNF/NF-Kb (LINC00657), p38 MAP kinase (CTD-2020K17.1), IFN-gamma (LINC00657, LINC00511 and CTD-2020K17.1), GMCSF (LINC00657, LINC00511 and CTD-2020K17.1) and IL-8 (LINC00657).
Tumor Necrosis Factor (TNF) is a strong inducer of NF-kappa B transcription [79] that has been implicated in the development of several autoimmune diseases, and correlates to the chronic inflammation that characterizes pSjS [80] . Moreover, the proinflammatory factor p38 MAP kinase is thought to be involved in the pathogenesis of pSjS [81] . Sphingosine-1-phosphate regulates T cell development and tissue-homing patterns and plays an important role in the local immune responses in pSjS glandular tissue [82] . Moreover, together with IFN-gamma, this molecule is thought to increase IL-6 secretion by pSjS salivary glands [82] .
IFN-γ is crucial for T cell differentiation and immunoglobulin class switching in B cells and plays an important role in macrophage activation, inflammation and tissue damage [83] . Moreover, this molecule has been implicated in the development of autoimmunity as well as being associated with more severe forms of pSjS [84] .
The immune system has a crucial role in the tissue damage observed in pSjS and both innate and adaptive immunity strongly contribute to this event. Specifically, it has been described that the type-I interferon (IFN-I) signature is involved crucially in the disease pathogenesis [85] and, interestingly, the selected lncRNAs targeted gene modules involved in IFN-I signaling, moreover, they also targeted molecular pathways of the T cell-associated immune response (i.e., TCR and calcineurin-dependent NFAT signaling).
It has been observed that T cells represent the majority of lymphocytes infiltrating the pSjS salivary glands and pro-inflammatory Th1 cell cytokines are increased in saliva of patients with pSjS [86] . Additionally, the presence of regulatory T cells (Treg) also have been identified in pSjS salivary glands and their increased presence is related strongly to a high rate of inflammation in tissue lesions [86] . Noteworthy, the calcineurin-dependent NFAT signaling plays a pivotal role for both development and functions of these cells [87] .
There is a body of evidence also supporting the involvement of B cells in pSjS pathogenesis and, indeed, pSjS patients clearly manifest clinical signs of B cell activation [51] . Furthermore, B cells have been identified in the pSjS salivary glands where they can form ectopic germinal centres [51] . As we previously mentioned, we describe that selected lncRNAs can modulate miRNAs involved in B cell development and, interestingly, we also observed that they targeted signaling pathways involved in B cell differentiation and functions such as CXCR4 (LINC00657 and LINC00511) signaling, Class I PI3K and mTor pathways (LINC00657, LINC00511 and CTD-2020K17.1).
Class I PI3K is expressed predominantly by B cells and its signaling pathway is activated promptly upon B cell receptor engagement [88] . Moreover, inhibition of this pathway strongly interferes with pre-B-cell expansion [89] . The PI3k signaling also activates the Akt and mTor pathways which also are involved in B cell proliferation [88] and, noteworthy, their activation has been observed in B cell lymphomas [88] . Finally, an important role for CXCR4 in regulating B cell homeostasis of humoral immunity has been described [90] and noteworthy, a significantly higher expression of both surface CXCR4 and CXCR4 messenger RNA (mRNA) has been reported in peripheral blood B cells from patients with pSjS [91] .
We are aware of the limitations of gene expression and microarray analyses, limitations both at preanalytical and analytical levels. Thus, the first, and most important, aspect at a preanalytical level is the correct stratification of the patients and the identification of subjects at the same stage of disease and with similar clinical features. Another important aspect is that the analysis reflects a particular moment in the course of the disease. The method we are reporting here, however, is the most informative for a global evaluation of gene expression, microRNA and lncRNA and, therefore, for the understanding of the genetic and epigenetic processes that play a pivotal role in the pathogenesis of immune-mediated diseases.
Conclusions
To conclude, this is the first report that functionally correlates lnc-RNAs modulation to gene expression profiles of pSjS patients. Indeed, the described lncRNAs target gene pathways that are involved in important features of the disease, including epithelial cell damage, autoimmunity and B cell hyperactivation. Furthermore, the selected lncRNAs regulate B cell lymphomagenesis-associated microRNAs, thus suggesting their possible involvement in the increased risk to develop lymphoma that is observed in pSjS patients.
Taken together, our findings add new pieces of evidence on the importance of epigenetics in the pathogenesis of pSjS and may open promising avenues for novel therapeutic approaches to the treatment of the disease.
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